We reassess the applicability of the thermal plate cooling model to the subsidence of the North Pacific, Atlantic and North Indian Ocean Basins. We use a new numerical plate model in which the thermophysical parameters of the lithosphere vary with temperature according to the results of laboratory experiments, and the ridge temperature structure is consistent with the thickness of the oceanic crust. We first attempt to exclude thickened crust from our data set, and then to exclude swells and downwellings by masking regions of the data that remains that have significant gravity anomalies when there exists a clear regional correlation between intermediate-wavelength gravity and topography. We find that the average variation of depth with age is consistent with conventional half-space models until about 90 Myr. Thereafter, the departure from the half-space cooling curve is more rapid than predicted using simple conductive plate cooling models. The depth-age curves in the Pacific and Atlantic show ∼250 m of temporary shallowing between the ages of 90-130 Myr, a result consistent with the outcome of experiments on the initiation of small-scale boundary layer convection. The results do not change significantly if the estimated component of the gravity arising from plate cooling is subtracted prior to calculation of the correlation between gravity and topography. A 90-km-thick conductive plate is nevertheless a reasonable model for the average temperature structure of the oldest part of the Pacific ocean lithosphere. In the Pacific, the broad topographic undulations associated with the Line Island Swell, the Hawaiian Swell and surrounding basins have correlated gravity anomalies and an admittance of approximately 30 mGal km −1 and are likely to result from convective circulation in the upper mantle. In the Northeast Atlantic, the intermediate-wavelength admittance over the Cape Verde swell is similar; in the Northwest Atlantic over the Bermuda Swell it is slightly larger but not as well constrained.
I N T RO D U C T I O N
The primary means by which the Earth loses heat is by plate creation at ridges. As hot rock moves away from the site of upwelling at the ridge it cools from contact with the sea, becomes more dense, and subsides. The simplest thermal model of the ocean lithosphere is a half space, initially at constant temperature, that cools from the top by conduction. The isostatic subsidence of such a half space is proportional to the square root of the time elapsed since it started cooling (in other words, a plot of depth versus the square root of age is a straight line). Davis & Lister (1974) , using data from Sclater et al. (1971) , showed that the average depth of the central eastern Pacific is remarkably consistent with the half space cooling model up to an age of at least 80 Myr. However, Sclater et al. (1975) and Parsons & Sclater (1977) examined the relationship between sediment-corrected depth and age in the North Pacific and North Atlantic for selected areas of the ocean floor aged between 120 and 160 Myr, and found that the depth is everywhere significantly shallower than predicted by the half space model. They instead showed that the average subsidence and heat flow could be fitted using a model of a cooling conductive plate with a constant lower boundary temperature. The model which best-fitted the data available had a plate thickness of 125 km and a basal temperature of 1330
• C. Parsons & McKenzie (1978) suggested that the flattening is caused by the addition of heat to the lithosphere after the onset of instability in the thermal boundary layer underneath the mechanical lid.
By using a plate model to understand the isostatic subsidence of old seafloor, Parsons & Sclater (1977) assumed that the average vertically-integrated density difference between the lithosphere at a given age and the ridge was the same as if the lithosphere were a rigid conductive plate with a constant basal temperature. Numerical studies of convection in a 2-D box by Richter & McKenzie (1981) confirmed that the assumption is reasonable if the lithosphere is in steady state. We define the base of the thermal lithosphere to be the Figure 1 . A cartoon of the oceanic lithosphere. The black boxes show the parts of the ocean floor that were used in depth-age calculations. The inset is reproduced from McKenzie & Bickle (1988) , with the conductive part of the geotherm amended to incorporate the results of McKenzie et al. (2005) . The interval denoted by 'LITHOSPHERE' is the thermal plate thickness which can be estimated from old ocean floor heat flux and subsidence. The base of the thermal plate is in-between the base of the mechanical and thermal boundary layers. The reason why the plate model provides a useful description of the subsidence of old ocean floor is because the subsidence is proportional to the vertically-integrated temperature difference between the old lithosphere and the ridge, and the area between the convective geotherm and the isentrope is similar to the area between the plate geotherm and the isentrope.
intersection of the linear plate geotherm with the mantle isentrope. The notion of a thermal plate is somewhat artificial; nevertheless estimates of its thickness place a valuable constraint on the thickness of the upper boundary layer under the old ocean floor. Our understanding of the average temperature structure under the old oceans is summarized in Fig. 1 .
Plate models have become ubiquitous in the literature, but there is, in fact, no physical reason why they should everywhere account for the subsidence of cooling lithosphere. Early numerical experiments designed to study the onset of convection beneath a cooling plate (e.g. Houseman & McKenzie 1982; Robinson & Parsons 1988a ) showed a more abrupt departure from half-space subsidence than predicted using the plate model, and even some temporary shallowing. More recent experiments (e.g. Huang & Zhong 2005) have shown that the variation of depth with age is sensitive to the choice of boundary conditions and to the form of the large-scale circulation. Parsons & Sclater (1977) used only a limited topographic data set, but since then a number of authors have re-examined the relationship between average depth and age using gridded topography from several of the world's ocean basins (Heestand & Crough 1981; Schroeder 1984; Sclater & Wixon 1986; Hayes 1988; Renkin & Sclater 1988; Marty & Cazenave 1989; Colin & Fleitout 1990; Phipps Morgan & Smith 1992; Stein & Stein 1992; Shoberg et al. 1993; Carlson & Johnson 1994; Kido & Seno 1994; DeLaughter et al. 1999; Doin & Fleitout 2000; Hillier & Watts 2005) .
However, age is not the only factor that controls the depth of the seafloor, and the results of a depth-age analysis will vary depending on the choice of data selection criteria. For instance, the oceanic crustal thickness varies, sometimes because the mantle temperature of the upwelling material beneath ridges differs from the average temperature, and sometimes because it has been increased by later volcanism. Thickened crust will bias average depths to shallower values. Mantle convection may also produce dynamic topography, which is associated with an admittance of between 20-35 mGal km −1 (Anderson et al. 1973; McKenzie et al. 1974; Sclater et al. 1975; Watts 1976; McKenzie 1977; Parsons & Daly 1983; Watts et al. 1985; McKenzie 1994) . Some of the preceding authors used all the data and calculated various averages (e.g. Renkin & Sclater 1988; Stein & Stein 1992) , whereas others excluded plateaus and the larger seamounts (e.g. Schroeder 1984; . Hillier & Watts (2005) used an algorithm to level all positive topographic features which appeared anomalous. A few (e.g. Kido & Seno 1994; DeLaughter et al. 1999 ) have used the geoid or low resolution models obtained from seismic tomography to calculate or eliminate dynamic topography, but their methods either contain large uncertainties or are not well documented.
Here, we argue that it is only possible to test the plate model once the effects of both anomalous volcanism and mantle convection on the average topography have been accounted for. We make use of recently published grids of satellite-derived sea-surface gravity anomalies and predicted seafloor topography to identify regions of anomalous crust, flexure and dynamic topography. We then exclude these regions and attempt to establish the average variation of unperturbed seafloor depth with age in the North Pacific, North Indian and Northwest, Northeast and Southeast Atlantic ocean basins. Interestingly, the general procedure we follow was first suggested more than 30 years ago by Sclater et al. (1975) , but has not been used since, perhaps because the marine gravity field was poorly known until relatively recently.
In summary, our method is as follows. We first eliminate topographic measurements over plateaus, seamounts, flexural moats, and major fracture zones from our data set by eye, and make an isostatic correction for loading by sediments. We then separate age-related and dynamic depth variation by dividing the remaining data into narrow age bins, and within each plot gravity against topography. We do this to assess the extent to which gravity and topography are correlated away from sites of anomalous crust. When the observed correlation is significant, we estimate the gravity-topography ratio, which is useful for, amongst other things, constraining the thickness of the mechanical boundary layer (e.g. McKenzie 1994) . Having investigated the correlation, we then exclude both positive and negative dynamic topography from our data set by eliminating regions with gravity anomalies larger than a certain magnitude. We initially assume that all of the regions with no gravity anomalies are unperturbed, and the gravity anomalies result from mantle processes with a longer wavelength than the instabilities underneath the cooling plate. Finally, we plot the remaining topographic measurements against crustal age, and compare the results with the predictions of an updated and more realistic conductive plate model, discussed extensively by McKenzie et al. (2005) . We then conclude by examining how residuals about the average depth-age trend vary as a function of position.
S O U RC E S O F D ATA

Topography, gravity and age
We only used depth measurements that have been constrained by bathymetric sounding. Our starting point was the 2 min grid of , which is a synthesis of shipboard measurements and topography predicted from the sea-surface gravity field. The authors ensured that in blocks where there was real data, the model and the data agreed. They also made some effort to exclude bad tracks beforehand. It is an artificial property of the data set (and one which introduces a maximum error of 1 m) that only cells in the grid that are constrained by sounding have depths that are odd integers, and we used only those cells. The surface gravity field we use is described by , and the crustal age grid by Müller et al. (1997) .
Sediment thickness and density
The grid we use for the Pacific and Indian oceans is part of a global marine sediment thickness map compiled by David Divins of NGDC (Divins 2004 , and references therein). In the Northwest Atlantic, we combined Divins' grid and a more recent grid made by Louden et al. (2004) . Away from the continental margin, both authors have incorporated the sediment thickness map of Tucholke et al. (1982) ; we have been unable to find any more recent compilations. To constrain sediment density, we used the Lamont-Doherty Earth Observatory online catalogue of measurements, recorded in situ using the Hostile Environment Litho-density Sonde during Ocean Drilling Program (ODP) and Deep Sea Drilling Program (DSDP) cruises.
D ATA P RO C E S S I N G
Exclusion of thickened crust and subduction zones
We used the topographic map of to mark and then digitize a set of polygons around subduction zones and areas of thickened crust, and then applied standard computer codes to exclude depth measurements located inside them. Figs 2 and 3 show the polygons and the topography that remained. Constructing polygons is necessarily a subjective process: for areas of thickened crust we used the review of Coffin & Eldholm (1994) to identify areas that had experienced anomalous volcanism, and the 5 km isobath as a rough guide to the edge of each edifice which occurs on old ocean floor. In the Pacific, we also excluded data from the Emperor and Chinook troughs to the east of the Emperor seamounts. The troughs are anomalously deep and may be either fossil fracture zones (Farrar & Dixon 1981) or abandoned rift centres (Rea & Dixon 1983; Mammerickx & Sharman 1988) . When excluding subduction zones, the polygon boundary nearest the ridge was placed at the edge of the flexural bulge, which is clearly visible in the sea-surface gravity field.
Our choice of subjective methods to exclude regions of thickened crust is deliberate. Although automated methods (e.g. Hillier & Watts 2005) have the advantages of being objective and reproducible, they use much simpler criteria than a human interpreter, who can easily take into account a large number of factors in deciding whether a region is anomalous.
Exclusion of flexural moats and major fracture zones
Although most flexural moats around seamounts are filled with sediment and are not apparent in the topography, they are associated with clear negative gravity anomalies that are unrelated to deeper mantle processes. The same is true for major fracture zones. We used the gravity of to define an additional set of polygons enclosing moats and major fracture zones which have gravity anomalies that are clearly larger than the variance of the background seafloor fabric, and excluded the topography within each polygon from our data set. The masks are shown in Figs 4 and 5, and to an extent overlap the masks in Figs 2 and 3.
Application of a 30 min block median
After masking the anomalous regions discussed in the previous sections, we obtained 30 min block-medians of the topography and gravity at the remaining data points in order to obtain a more geographically even data coverage.
Isostatic loading corrections
We then applied a simple isostatic sediment correction by balancing the weight per unit cross sectional area of loaded and unloaded . White lines are −3, −2, and −1 km topographic contours, and black lines are regions where the topography has been constrained by shipboard sounding and where the age of the crust is given by Müller et al. (1997) 
where ρ m is the density of the mantle (3300 kg m −3 ) and ρ w the density of water. q is the mass per unit cross-sectional area of the sediment column and t s is the total sediment thickness.
The Pacific was divided into four regions listed in Table 1 . In each of them we assumed a simple constant or linear relationship between depth and density based on ODP logs. The sediment correction throughout the Pacific is usually less than a few hundred metres.
However, the sediment cover in the Atlantic is thicker, especially over the oldest ocean floor that bounds the continental margin. In situ sediment density data away from the margin are sparse and variable, so we applied two different sediment corrections in order to understand the extent to which we could be confident of the unloaded topography. The first uses a linear burial depth-density model (based on a rough average of ODP logs 418, 950, 952, 994, 995, 1051, 1052, 1061, 1062, 1063, 1263 and 1265) , in which the sediment has a density of 1.75 Mg m −3 at a depth of 250 m and a density of 2.0 Mg m −3 at a depth of 700 m, with the added constraint that the sediment density cannot exceed 2.8 Mg m −3 . The second, after Louden et al. (2004) , involves converting thickness to two-way seismic travel-time, and then applying a standard correction described by Crough (1983) . This approach does not make use of eq. (1) directly.
In the Indian ocean, the sediment cover is mostly thin clays. Therefore, we applied the same correction as in the deep Pacific away from seamounts and the equatorial high productivity zone.
Finally, on the basis of ODP sampling and multi-channel seismic reflection data, Abrams et al. (1993) argue that the original Mesozoic oceanic crust in the East Mariana and Pigafetta basins is covered by approximately 100-400 m of Cretaceous lava flows. An isostatic correction for these was applied using Fig. 9 (b) in Renkin & Sclater (1988) . In theory, one could make a similar correction for all the other areas of thickened crust; however, the uncertainties in their thickness and density are such that it is better to simply exclude them from the data set, as we have already done.
Residual gravity
The change in the density structure of the lithosphere as it cools and moves away from the ridge gives rise to a gravity anomaly, which is unrelated to the planform of convection under the plate (Lambeck 1972; Cochran & Talwani 1977) . Therefore, it is desirable to remove this contribution before plotting gravity against topography as a function of age. An approximate method of calculating the plate gravity is outlined in Appendix B. We define residual gravity as the observed gravity from which the calculated plate gravity has been subtracted. Because the calculated plate gravity is only an approximation, we work with both observed and residual gravity throughout the rest of this paper.
Exclusion of dynamic topography
To separate age-related and dynamic depth variation we divided the processed data into 10 Myr bins, and within each plotted the 30 min block-medians of the depth against both gravity and residual gravity (see Fig. 6 for an example). We then excluded blocks with significant positive gravity anomalies (swells) or significant negative gravity anomalies (troughs). In the Pacific, we kept only blocks in which the median gravity anomaly is between −5 and +5 mGal; in the Atlantic and Indian oceans, where there are fewer data, our pass range was −10 to +10 mGal. However, we used all the data to estimate the best-fitting linear relationship between gravity and topography, and the method of Marks & Sandwell (1991) , which minimizes residuals in both the topography and gravity. In order to assess the quality of the correlation, we also calculated Spearman's Rank Correlation Coefficient (r s ). Finally, for ocean floor younger than a certain threshold (indicated in the results) we used all the topography in each age band to calculate the average depth, because the accuracy of the calculated plate gravity is uncertain near the ridge.
Reference depth-age curves
A reference depth-age table for an ocean basin should describe the average variation of depth with age in the absence of sediments, anomalous volcanism, or dynamic topography. We calculated the three quartiles of the topography which had not been excluded in each age bin, but discarded bins in which we judged the data to be unreliable. We then constructed reference depth-age curves by interpolating between the remaining median depths in the table. For each bin, the representative age was taken to be at the centre of the time interval. . The black polygons are further regions in which the topography was excluded. The black dotted line encloses one more region in which the topography was excluded: the edge of the Hawaiian flexural moat has near-zero gravity anomalies but is clearly not on unperturbed seafloor. Contours are every 100 mGal (except zero). . Example plots of observed gravity versus sediment-corrected topography in the north and equatorial Pacific after removal of data over seamounts, plateaus, subduction zones, certain fracture zones and flexural moats, and the calculation of 30 min block medians. Regions with positive gravity anomalies are mainly swells, those with negative gravity anomalies mainly troughs. The shaded grey region shows the data postulated to be over undisturbed seafloor, that is, the data with small gravity anomalies. The solid line is the best-fit straight line estimated using the method of Marks & Sandwell (1991) (MS) . The dashed line is calculated using conventional linear regression (in which the error is presumed to be contained entirely within the gravity). The MS slope b (in mGal km −1 ) and Spearman's Rank Correlation Coefficient r are marked on each plot. The white circle is the median depth of blocks that are plotted in the grey band and is plotted in Fig. 7 (a). Full results for the Pacific are given in Tables A1 and A2. square root of age, as predicted by the classical half-space cooling model (a least-squares fit to the median depths in Fig. 7 (b) younger than 90 Ma gives the depth d = −2821 − 315 √ t). The reference depth-age curves in Fig. 7 show that the departure from √ t cooling is more sudden than can be explained using any plate cooling model. Fig. 7 (b) in fact shows ∼200 m of temporary shallowing between the ages of 90-130 Ma. Interestingly, Levitt & Sandwell (1995) plotted the depth to trench nodes as a function of age and observed a similar bump. However, they suspected that it was a result of sediment accumulation, but did not test their suggestion. If we have failed to exclude the full extent of thickened crust associated with Early Cretaceous plateau formation, the depths in the range 130-150 Ma will be too shallow. Because of uncertainty of the bounds of postridge volcanism and associated flexural and sedimentary features on the oldest ocean floor, we terminated the reference depth-age table at 160 Ma. The reference depth-age curves constructed using the observed and residual gravity fields are similar, which is expected given the rapid spreading rate in the Pacific.
R E S U LT S
Reference depth-age curves
North pacific
The average depth that our selected part of the seafloor would finally reach as it ages is not well determined, but appears to be between 5750-6000 m. In the absence of a well-constrained asymptotic depth, the age at which subsidence departs from the √ t trend can be used to estimate the thermal plate model thickness. The √ t part of curve 7B is best fit by eye using a zero-age depth of approximately 2800 m and a plate thickness of 90 km, which is consistent with our extrapolated steady-state depth. Fig. 8 shows our The dashed line is the predicted plate subsidence for a 90 km plate (Pacific) and a 100 km plate (Atlantic). The grey region is young ocean floor, on which all the data was used to evaluate the depth quartiles. For all the oceans apart from the Pacific, the threshold was chosen as 20 Ma. Because of the presence of a pronounced gravity low in the young Pacific, the origin of which is uncertain, and which is slightly negatively correlated with the residual topography, we chose the threshold as 30 Ma in the Pacific. In the Atlantic, the sediment correction was performed using a linear depth-density relationship.
Note that the plate model curves do not follow a √ t trend at very young ages, because the initial temperature under the ridge is not constant as a result of melting.
best-fit plate model in the Pacific together with the best-fit models of Parsons & Sclater (1977) and Stein & Stein (1992) , who used different data selection criteria to us.
Northwest Atlantic
Results for the Northwest Atlantic are shown in Fig. 7 and listed in Tables A3 and A4 . On ocean floor younger than approximately 100 Ma, the half-space cooling model provides a moderately good fit to the subsidence, although the sample size at young ages is rather small. The two sediment corrections discussed above (Section 3.4) are similar on ocean floor younger than 150 Myr, where the sediments are thin in comparison to those at the margin. However, the correction of Louden et al. (2004) is approximately 400 m larger than the correction based on ODP cores for ocean floor older than 150 Myr, perhaps because Crough (1983) underestimated the density of deep compacted sediments, or because the ODP logs are in some way unrepresentative. Therefore, we terminated the reference depth-age table at 150 Ma.
The reference depth-age curves in Fig. 7 again show a departure from √ t subsidence that is too rapid to be accounted for using a conductive plate model. There also appears to be ∼300 m of shallowing, although the selected topography as a function of age has more scatter than it does in the central Pacific, and the number of blocks within each age bin with small gravity anomalies is small. The age at which the subsidence in Fig. 7 (d) departs from a √ t trend is slightly greater than in the Pacific, which is consistent with a plate model in which the plate thickness is approximately 100 km. Subtracting the estimated plate cooling gravity field has a larger effect than in the Pacific: Fig. 7(c) shows an unexpected shallowing at approximately 75 Ma, which is not apparent in Fig. 7(d) . It is not clear what the reference depth at great age is, although the best-fit plate model predicts that it should be approximately 6.1 km.
Eastern Atlantic
Results for the Northeast and Southeast Atlantic oceans are shown in Fig. 9 and listed in Tables A5-A8. The subsidence as a function of age exhibits less scatter in the Southeast Atlantic than in the Northeast Atlantic, but in both cases a √ t trend is apparent at ages younger than 80 Ma. In the Northeast Atlantic, the best-fit thermal plate Stein & Stein (1992) Pacific, this study, a = 90 km Parsons & Sclater (1977) Figure 8. A comparison between our best-fitting Pacific plate model, and the best-fit models of Parsons & Sclater (1977) and Stein & Stein (1992) . Parsons & Sclater (1977) used selected data from the deepest parts of the Pacific measured away from seamounts, plateaus and the Hawaiian Swell, and described the subsidence using a model of a 125 km conductive plate, with a basal temperature of 1333 • C, a conductivity of 3.1 W m −1 K −1 , and a volume expansivity of 3.28 × 10 −5 K −1 . As Robinson & Parsons (1988b) acknowledge, the data set Parsons & Sclater (1977) used was biased to deeper values because they did not eliminate measurements taken over regions of negative dynamic topography. Stein & Stein (1992) used sediment-corrected depths from all parts of the Pacific and Atlantic Oceans. By definition, they found the average depth as a function of age to be shallower than that found by Parsons & Sclater (1977) , and described the subsidence using a model of a 95-km-thick cooling plate with a basal temperature of 1450 • C, a conductivity of 3.1 W m −1 K −1 , and an expansivity of 3.1 × 10 −5 K −1 . The zero-age depth for all three curves is 2800 m. The data is the same as plotted in Fig. 7(a) . Our best-fit plate model provides a poor fit to the variation of depth with age between the ages of 80-130 Ma. Furthermore, because the other authors used different data selection criteria to us, their models do not provide an adequate description of our estimate of the variation of depth with age once they depart from a conductive √ t cooling trend either.
thickness is approximately 90 km, given a zero-age depth of 2650 m. A least-squares fit of a √ t subsidence curve to the median depths in Fig. 9 (b) younger than 80 Ma is d = −2527 − 336 √ t. In the Southeast Atlantic, the best-fit thermal plate thickness is approximately 95 km with a zero-age depth of 2650 m. A least-squares fit of a √ t subsidence curve to the median depths in Fig. 9 (d) younger than 80 Ma is d = −2444 − 347 √ t. In both regions, the departure from √ t subsidence as the ocean ages is more rapid than would be expected given plate-like subsidence, and there is a couple of hundred metres of shallowing at ages in excess of 100 Ma. Because of uncertainty in the sediment correction and the continental margin gravity anomaly, we terminated the reference table at 150 Ma in the Northeast Atlantic and at 120 Ma in the Southeast Atlantic.
North Indian Ocean
Results for the North Indian ocean are shown in Fig. 10 (a) and listed in Tables A9 and A10 . Because of the limited number of data points and low correlation between topography and gravity at ages in excess of 120 Ma, we terminated the reference table at 120 Ma. There are very few regions with near-zero gravity anomalies, and the depth-age curves calculated using only those regions do not appear to follow a simple √ t subsidence trend. However, the entire Indian ocean is covered by a very-long-wavelength negative gravity anomaly, which has no clear topographic expression. We investigated the effect of subtracting the longest wavelength gravity field before processing the data, and found that it improved the correlation between the selected blocks of gravity and topography significantly (compare Figs 10c and d) . The new reference depth-age trend is shown in Fig. 10(b) , and is deeper than the trend in Fig. 10a because the baselevel has been shifted; we find the average subsidence is fit well using a model of a 90-km-thick conductive plate. We attempted the same procedure in the Pacific and Northwest Atlantic, but found that it made the correlation worse (for instance, r s in the Pacific in the age range 90-100 Ma was reduced from 0.89 to −0.22).
Correlation between gravity and topography over swells and troughs
The correlation between selected 30 min block-medians of gravity and sediment-corrected topography in each age-bin is illustrated in Fig. 11 and described below. For sample sizes larger than 100, the probability that a correlation with r s > 0.2 occurred by chance is less than 5 per cent.
North pacific
The best and most convincing correlations between gravity and topography are in the central Pacific between the ages of 60-110 Ma. The highest correlation coefficient is 0.89 in the age range 90-100 Ma, where the best-fit linear slope is 27.6 mGal km −1 (Table A1 ). The slope and strong correlation are characteristic of convective swells and troughs (e.g. McKenzie 1994). On older ocean floor, the gravity anomalies are mostly negative. r s decreases to 0.4-0.6 within individual age bins, and the best-fit slope increases to between 30-40 mGal km −1 . This may be a result of unwanted pollution from unexcluded regions of thickened crust (such as small seamounts), which have a higher admittance between topography and gravity than dynamic swells. These results differ little if topography is plotted against residual gravity rather than observed gravity.
Atlantic and Indian
Plots of gravity versus topography show a greater degree of variability in the Atlantic than they do in the Pacific. This may be in part a result of a more pronounced uncompensated surface roughness associated with slower spreading rates (Hayes & Kane 1991) and a lack of variation of dynamic topography within individual age bins. For instance, in the Northwest Atlantic between the ages of 80-90 Ma, the best-fit slope of observed gravity versus topography is 65 mGal km −1 (Table A3) , which is approximately the expected value for uncompensated crust (e.g. McKenzie & Fairhead 1997, Figure 4a ). Elsewhere in the Northwest Atlantic, the slopes vary from 30-40 mGal km −1 within individual age bins, with r s varying from 0.5-0.9. The Northeast Atlantic is more consistent: between the ages of 40-100 Ma the slopes vary from 30-40 mGal km −1 , and r s from 0.5-0.75. Similar results are found in the North Indian ocean once the very-long-wavelength gravity field is removed: between the ages of 40-100 Ma, the slopes within individual age bins vary from 35-45 mGal km −1 and the coefficients from 0.5-0.9 (Table A10 ). In the Southeast Atlantic (Table A7) , the slopes are lower (20-25 mGal km −1 ), as are the correlations (0.2-0.7). Plotting topography versus residual gravity instead of gravity again makes relatively little difference to the results. 
R E S I D UA L T O P O G R A P H Y A N D G R AV I T Y
Residual topography is defined as the observed topography minus the average topography for crust of that age in the absence of dynamic topography and thickened crust. It is calculated in order to expose broad features in the ocean floor which are not simply a function of the age of the plate. We examined residual depth and gravity in the North Pacific and North Atlantic oceans, where the pattern of swells and troughs is particularly clear. Fig. 12(a) shows the residual depth in the Pacific (calculated using the solid line in Fig. 7b ) after regions of thickened crust have been removed and sediment corrections applied. Fig. 12(b) shows the residual gravity in the same region. Two prominent swells are visible near Hawaii and the Line Islands in both the residual topography and gravity, and are surrounded by smaller depressions. The swells and depressions are aligned in the direction of plate motion with respect to the Hawaiian hotspot and mostly deform crust aged between 60-130 Ma. They are broad features, with characteristic wavelengths longer than 1000 km. We suggest they result from mantle convection, because if they were supported by changes in crustal thickness they would not be associated with gravity anomalies as large as ∼30 mGal km −1 (e.g. McKenzie & Fairhead 1997) . Our conclusions agree with those of a recent study by Adam & Bonneville (2005) . However, it is difficult to detect the convective signal in the oldest Pacific because a large proportion of the seafloor is covered by thickened crust. In the youngest Pacific, the correlation between residual gravity and topography is small and slightly negative. Fig. 12(c) shows residual topography after sediment-unloading in the Northeast Atlantic (relative to the solid curve in Fig. 9b) . Fig. 12(d) shows residual gravity in the same region. The most prominent features are the Azores and Cape Verde swells and surrounding depressions, which together affect ocean floor of all ages. The Cape Verde swell is aligned approximately parallel to the direction of plate motion with respect to the Iceland hotspot. Fig. 12 (e) shows residual topography after sediment-unloading in the Northwest Atlantic (relative to the solid curve in Fig. 7d) . Fig. 12(f) shows residual gravity in the same region. The main feature in the residual topography is the Bermuda Swell and surrounding depressions (Sclater & Wixon 1986) , and the residual gravity field shows a similarly shaped anomaly. These features deform crust aged between 75-150 Ma. The swell is elongated perpendicular to the direction of plate motion relative to the Iceland hotspot. Again, we suggest these features result from mantle convection.
To summarize Section 4.2, it appears that the convective scaling between gravity and topography in the North Pacific is approximately 30 mGal km −1 . The scaling in the North Atlantic appears to be similar or perhaps slightly larger, but less well constrained. However, in general the relationship between gravity and topography is not wavelength-independent. The best-fit linear slope will be some average of the scaling as a function of wavelength (the admittance) weighted by the power of the coherent parts of the two signals, hence the range of values in Tables A1-A8 . Therefore, an alternative is to estimate the admittance Z(k) in the wavenumber domain where the scales can be disentangled. Any variation of admittance with wavelength at long wavelengths provides an important constraint on the convective process (e. Fig. 6 . The long-wavelength field was calculated using the GRACE spherical harmonic model GGM02S with the degree-2 coefficients set to zero (Tapley et al. 2004) . The application of a sharp taper in the spectral domain results in a low-pass filtered gravity field with pronounced and unphysical ripples at a wavenumber corresponding to the cut-off (e.g. Renkin & Sclater 1988 ). Therefore, a smoothly decreasing taper was chosen: coefficients of degrees 3-8 were unaltered, coefficients of degree 9-12 were multiplied by 0.83, 0.66, 0.33 and 0.17, respectively, and coefficients of degree 13 and higher were set to zero. Degree 12 is equivalent to a wavelength of approximately 3200 km.
1983). Calculations of the admittance in the yellow boxes marked in Fig. 12 are detailed in Appendix C. We find that in the case of swell and trough topography in the North Pacific and North Atlantic, the signals are highly coherent, and the admittance at wavelengths longer than 800 km is not a strong function of wavelength. That is why the linear correlations are so good in the absence of smallscale features such as seamounts. In the Pacific, Z(k) has a value of approximately 25-35 mGal km −1 , as expected from Tables A1 and A2. In the Northeast Atlantic over the Cape Verde swell, Z(k) is approximately 20-27 mGal km −1 , which is slightly less than expected from Tables A5 and A6. In the Northwest Atlantic over the Bermuda Swell, Z(k) is less well constrained, but appears to be in the range 30-45 mGal km −1 , which is in agreement with most of the estimates in Table A3 .
D I S C U S S I O N
In summary, we obtain two main results. The first is that the departure from half-space subsidence in the absence of dynamic topography, sedimentation, and thickened crust is more rapid than can be accounted for using any conductive plate model; there may even be a small amount of temporary shallowing. The second is that the admittance between gravity and topography over dynamic topography in the central Pacific is approximately 30 mGal km −1 , varies little with wavelength, is slightly smaller in the Northeast Atlantic, and is slightly larger but less well constrained in the Northwest Atlantic.
The shallowing of the reference depth-age curve for the North Pacific (and to a lesser extent the North Atlantic) between the ages of 80-130 Ma is distinctive, and resembles the results of early numerical experiments of the onset of convection under a cooling lid. In such experiments, the boundary layer is observed to cool by conduction, then to become unstable once its local Rayleigh number exceeds a critical value. The instability continues to grow as it cools, but there is then a sudden increase in the average temperature of the boundary layer as the base of the layer falls off and is replaced by hotter material from below. The new material then cools by conduction, until it in turn becomes unstable, and so on. The result is that the mean temperature structure and hence the subsidence exhibits a series of decaying oscillations about some asymptotic steady-state value. This is consistent with what we observe.
However, we need to ensure that the bulge is not simply an artefact of inadvertently including areas of long-wavelength thickened crust. A useful test is to examine the distribution of depths in some region of the seafloor between 80 and 130 Myr old with a near-zero gravity . The Spearman's Rank Correlation Coefficient plotted against the best-fit linear slope between selected block-averages of observed sea-surface gravity and topography estimated using the method of Marks & Sandwell (1991) . The points are colour-coded by the mid-point crustal age of the bin. The dotted line is a slope of 30 mGal km −1 .
anomaly that has clearly not been covered by later lava. One such region is the seafloor south of Hawaii where the original tectonic fabric, including abyssal hills and the Clarion fracture zone, is still expressed in the topography. Depths with gravity anomalies smaller than 5 mGal in a box covering longitudes 195
• -210
• and latitudes 10
• -20
• have a mean, median and mode of approximately 5500 m, which is consistent with Fig. 7(b) . Finally, there is no evidence that crust created at the ridge in the absence of mantle plumes between 80 and 130 Ma is systematically thicker than crust produced today (White et al. 1992) .
The reason why Parsons & Sclater (1977) did not find a bulge is because they used seafloor depths where the age was known directly from magnetic anomalies, and by chance the mid-Cretaceous period with no reversals extends throughout much of the region constituting the bulge. A shallowing is visible in the results of later studies (e.g. Renkin & Sclater 1988 ), but was attributed to plateaus and swells. Here we show that it is in part an intrinsic feature of the ocean lithosphere, and is not predicted by plate cooling models. Nevertheless, the average depth of old ocean floor may still be a good indicator of the thickness of the thermal lithosphere. A useful test is to compare the predictions of the plate model with observations of heat flow, which is sensitive to the temperature structure in the upper conductive part of the plate. In the Pacific, an average depth of 5.75-6.0 km of plate older than 140 Ma implies a plate thickness of approximately 90 km. On Pacific ocean floor older than 100 Ma, the median heat flow is 51 mW m −2 , and the inter-quartile range is 43-59 mW m −2 (Louden 1989; Von Herzen et al. 1989; Lister et al. 1990) . There is no evidence of a systematic variation of heat flow with age once the crustal age exceeds 100 Ma. The predicted heat flow using the model of McKenzie et al. (2005) with a 90-km-thick plate at an age of 135 Ma is 48 mWm −2 , which is within the range of the observations. Finally, the scaling between gravity and topography over plume swells provides a constraint on the thickness of the mechanical boundary layer (MBL). The gravity anomaly is the sum of two components: a positive component arising from the elevated topography and a negative component arising from the accumulation of buoyant material under the MBL. The thinner the MBL, the closer the negative mass anomaly is from the observer; therefore, the less its (negative) contribution to the total gravity anomaly is Figure 12. (a) Residual, sediment-corrected and masked topography in the North Pacific calculated with respect to the spline fit of depth versus age (solid curve in Fig. 7b) . A Gaussian filter of width 100 km has been applied to smooth the data, which exaggerates the residual topography at the edge of the plateaus which were excluded from the input. The contour interval is 500 m, and the arrow shows the direction of present plate motion relative to the Hawaiian hotspot. The northernmost of the two yellow boxes encloses the region of the Northwest Pacific Basin discussed in Appendix C, and the southern yellow box contains the Line Island swell. The 60 Ma crustal isochron is also marked. Prior to Fourier transforming, the topography and gravity data within each box were projected using an oblique Mercator projection in which both boxes were rectangular. attenuated, and so the lower the overall admittance. McKenzie (1994) performed a number of simple numerical experiments to estimate the admittance over rising plumes, assuming a lid approximately 70 km thick. However, although his mean long-wavelength admittance was approximately 35 mGal km −1 , a number of the experiments had unrealistically shallow boxes. For runs with a box thickness close to that of the upper mantle (the maximum was 624 km), the admittance was approximately 30 mGal km −1 , which agrees with our results in the central Pacific. Interestingly, our results are also in agreement with the very earliest calculations of the admittance over high Rayleigh number convection in a 2-D box (McKenzie et al. 1974) . Possible explanations for the slightly higher admittance over the Bermuda Swell are that the buoyant mantle material is further away from the surface than it is in regions such as Hawaii or that the upwelling is no longer active.
C O N C L U S I O N S
When the effects of thickened crust and dynamic topography are excluded, the average variation of depth with age in the North Pacific, the North Indian, the Northwest Atlantic and the Eastern Atlantic oceans is consistent with the conductive cooling and isostatic subsidence of a half-space when the age of the seafloor is less than about 90 Myr. Thereafter, the departure from the half-space cooling curve is more rapid than predicted using simple conductive plate cooling models. The depth-age curves in the Pacific and Atlantic show ∼250 m of temporary shallowing between the ages of 90-130 Myr, which is consistent with the predictions of early numerical convection calculations. However, a 90 km conductive plate provides a reasonable model of the average subsidence of, and heat flux through, old Pacific oceanic lithosphere. In the Pacific, the broad topographic undulations associated with the Line Island Swell, the Hawaiian Swell, and surrounding basins, have correlated gravity anomalies and an admittance of approximately 30 mGal km −1 . They are also aligned in the direction of plate motion with respect to the Hawaiian hotspot, and are likely to result from convective circulation in the upper mantle. A similar situation exists in the Northeast Atlantic, where the dominant features in the residual topography and gravity are the Azores and Cape Verde Swells and surrounding depressions. In the Northwest Atlantic, over the Bermuda Swell, the admittance is slightly larger but also less well constrained.
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A P P E N D I X A : R E S U LT S TA B L E S
Tables A1-A10 present full analysis of depth as a function of age. Table A1 . Full analysis of unpeturbed depth as a function of age for the North Pacific. NB denotes the number of 30 min blocks that remain after all the masks have been applied, NBU is the number that were used to calculate the three quartiles of the depth in columns 6-8. All depths are in metres. For ages older than 30 Ma, only those blocks with gravity anomalies smaller than 5 mGal were used to calculate the depth quartiles. r s is the Spearman's Rank Correlation Coefficient between gravity and topography, b is the bestfitting linear slope (in mGal km −1 ) using the method of Marks & Sandwell (1991) when topography is plotted against gravity. Between 160-180 Ma, the correlation is almost zero, and we are concerned about possible pollution from thickened crust and flexural effects. Therefore, we judge this data to be unreliable. Table A3 . Full analysis of depth as a function of age for the Northwest Atlantic, using observed gravity rather than residual gravity, and the linear depth-density relationship to make the sediment correction. Table A4 . Full analysis of depth as a function of age for the Northwest Atlantic, using residual gravity rather than observed gravity, and the linear depth-density relationship to make the sediment correction. Table A5 . Full analysis of depth as a function of age for the Northeast Atlantic, using observed gravity rather than residual gravity, and the linear depth-density relationship to make the sediment correction. Table A6 . Full analysis of depth as a function of age for the Northeast Atlantic, using residual gravity rather than observed gravity, and the linear depth-density relationship to make the sediment correction. Table A8 . Full analysis of depth as a function of age for the Southeast Atlantic, using residual gravity rather than observed gravity, and the linear depth-density relationship to make the sediment correction. 
A P P E N D I X B : E S T I M AT I N G T H E P L AT E C O O L I N G C O N T R I B U T I O N T O T H E G R AV I T Y F I E L D
Providing topography is compensated isostatically, and the associated lithospheric density anomalies ( ρ) vary much more rapidly in the vertical direction (z) than they do in the horizontal direction (x, y), Turcotte & Schubert (2002) show that the anomaly in gravitational potential over the topography is approximately proportional to the first moment of the vertical density distribution.
where h is the depth to which density anomalies persist. The potential anomaly over a cooling plate, which has subsided by an amount w, and where ρ is the density contrast between the lithosphere and the ridge, is, to first order:
where a is the thermal plate thickness, z = 0 is at the sea floor ρ 0 is the density of cold mantle, and ρ w is the density of water. We first low-pass filtered the crustal age model by continuing it over the globe (Smith & Wessel 1990; Wessel & Smith 1998) and expanded it in spherical harmonics to degree and order 90. We excluded the Pacific marginal basins first in order to reduce ringing at sharp boundaries. A grid of anomalous potential relative to the ridge was then calculated using the low-pass filtered age grid and eq. (B2). We used the temperature field from the numerical plate model of McKenzie et al. (2005) , and their expression for density as a function of temperature. We then expanded the grid of anomalous potential in spherical harmonics to degree and order 120, and calculated the radial component of the surface gravity field g using eq. (B3) (e.g. McKenzie & Nimmo 1997) .
where C lm and S lm are Spherical Harmonic coefficients of degree l and order m of the anomalous potential. λ is longitude and θ co-latitude.P lm is the normalized Legendre polynomial and R the Earth's radius. M is the mass of the Earth and G the universal gravitational constant. Fig. B1 illustrates the predicted plate cooling contribution to the global gravity field from a 90 km plate. Away from the ridge, the plate cooling contribution is small. There is, of course, a contradiction in our approach in that we use the plate model to calculate the residual gravity field, but at the same time argue that the plate model is not a good description of the thermal state of the lithosphere after the onset of instability. However, the plate gravity anomaly is largely confined to the vicinity of the ridge where the plate model is applicable; furthermore, there is also no alternative given our uncertainty about the nature of convective instabilities under the plates. E γ 2 ≈ 0.7 Figure C1 . (a-d) Intermediate-to long-wavelength admittance over the yellow boxes marked on Fig. 12 . The approximate coherence (γ 2 ) is also indicated, which in no case varies strongly with wavelength. The estimates of Z 3 are averages over three wavenumber annuli in 2-D wavenumber space centred on radial wavelengths of 800, 1330 and 4000 km. The exact choice of centre wavenumbers is unimportant: similar results are found if averaging is done over a slightly different number of annuli with different central wavenumbers. Plot (a) circles: admittance between observed gravity and the residual topography calculated using the solid curve in Fig. 7(d) ; squares: residual gravity (assuming a 100 km plate) and residual topography calculated using the solid curve in Fig. 7(d) ; triangles: residual gravity and the residual topography using the solid curve in Fig. 7(b) (the Pacific), for comparison and in order to assess the sensitivity of Z 3 to the depth-age curve used to calculate the residual topography. In plot (b) the residual gravity was calculated assuming a 90 km plate and the residual topography with respect to the solid curve in Fig. 9(b) . Plots (c) and (d) were calculated using residual gravity (assuming a 90 km plate) and residual topography with respect to the solid curves in Figs 7(b) and (d). Plot (e) is an estimate of Z 3 within the large Pacific box illustrated in Fig. C2 with large regions of thickened crust levelled, for five wavenumber annuli centred on radial wavelengths of 900, 1140, 1600, 2700 and 8000 km. The solid line marked on all plots is our best estimate of the convective gravity-topography scaling in the central Pacific (27.6 mGal km −1 ). The upper dotted line marked on all plots is the value of 35 mGal km −1 estimated by McKenzie (1994) , the lower dotted line marked on all plots an early estimate of 22 mGal km −1 in the central Pacific by Watts (1976) . If there is noise in the gravity, 1/Z 3 will be an overestimate of the true admittance.
Bermuda
A P P E N D I X C : A D M I T TA N C E A N A LY S I S O F S W E L L S A N D T RO U G H S I N T H E N O RT H PA C I F I C A N D N O RT H AT L A N T I C
In the absence of noise, the isotropic admittance Z(k) relates the Fourier transform of the gravity g(k x , k y ) to the Fourier transform of the topography t(k x , k y ):
where k x and k y are the wavenumbers in the x and y directions, respectively, and the true wavenumber k = k 2 x + k 2 y . If there is noise n(k x , k y ) in the gravity [i.e. g = Z 1 t + n)], then the optimal estimate of Z(k), denoted Z 1 (k), is:
where the angle brackets denote an average over an annulus in (k x , k y ) space with central radius k. Conversely, if the gravity is free from noise, but the topography is noisy, one estimates Z 3 (k) where t = (1/Z 3 )g + n, and:
We assumed that the noise occurred in the topography, because the largest errors are in the estimation of residual topography in the absence of thickened crust, and only examined wavelengths longer than 600 km for which flexural effects are unimportant. If there is also noise in the gravity, our estimates of Z 3 will be overestimates of the true admittance. Further information about the procedure we follow is given by McKenzie & Fairhead (1997) .
The method requires that the input does not contain gaps. However, if one uses topography from which regions of thickened crust have not been excluded, there is a problem if the intermediatewavelength components of topography supported by changes in crustal thickness (Z ∼ 0 mGal km −1 ) coincide with topography supported by convection (Z ∼ 30 mGal km −1 ). This is because the overall admittance will be an underestimate of the true convective admittance (McKenzie 1994) . There are therefore two options. The first is to concentrate on swells without large areas of thickened crust, and the second is to attempt to remove the topographic expression of plateaus by hand. Fig. C1(d) . The colour scale is the same as in Fig. 12 and the contour interval is 500 m. We first excluded topography inside the regions enclosed by yellow lines, and then re-gridded the topography using the GMT algorithm surface with T = 1 (Smith & Wessel 1990; Wessel & Smith 1998) . We then set the topography inside the regions enclosed by black lines to a constant value. The mid-Pacific Mountains (MPM) and Manihiki Plateau (MAN) were set to zero. The Hess Rise (H) and Shatsky Rise (S) are large regions of thickened crust which are located in a long-wavelength residual topographic and gravity low. We set them to a value of −350 m, the approximate mean for the surrounding basin. We are not concerned about the presence of small seamounts, which have almost no energy at wavelengths longer than 1000 km.
C1 Swells without prominent island chains
In the Pacific, we initially focussed on a swell and a trough without prominent island chains, which are marked on Figs 12(a) and (b). The results are illustrated in Figs C1(c)-(d) . The admittance at wavelengths longer than 600 km has a wavelength-independent value of approximately 30 ± 5 mGal km −1 , which is consistent with the high correlations in Table A1 . The coherence over both features is between 0.4-0.5.
In the Northwest Atlantic, we estimated Z 3 in the box marked on Figs 12(e)-(f), using both the observed and residual gravity fields as input. The error bars in Fig. 7(d) are relatively large, and we repeated the procedure using the solid curve in Fig. 7(b) to calculate the residual depths. The results are shown in Fig. C1(a) . The coherence is between 0.4-0.5, and is not strongly affected by the choice of observed or residual gravity, but the estimates of Z 3 are sensitive to the choice of reference depth-age curve. Nevertheless, all three sets of estimates fall in the range 30-45 mGal km −1 , which is slightly higher than the estimates from swells in the Pacific.
C2 Manual correction for thickened crust
In the Northeast Atlantic, we estimated Z 3 in the box marked on Figs 12(c)-(d). Because the Cape Verde islands cover only a small fraction of the swell, we simply excluded them, and then used the GMT algorithm surface (Smith & Wessel 1990; Wessel & Smith 1998) with T = 1 to fill-in the gap. The admittance is illustrated in Fig. C1(b) , and has a wavelength-independent value of ∼25 mGal km −1 , irrespective of whether observed or residual gravity is used. The coherence is high (between 0.85 and 0.9).
The accuracy with which one can estimate Z increases with box size (e.g. Pérez-Gussinyé et al. 2004 ), so we also estimated the long-wavelength admittance between gravity and residual topography in a very large box covering most of the central and western Pacific, which is illustrated in Fig. C2 . However, in order to obtain an estimate of the admittance in the absence of thickened crust, it was necessary to level the larger plateaus manually. Our choice of which features to exclude, and how to fill-in the gaps, is discussed in the caption to Fig. C2 . Our starting topography was the model of , and our estimate of Z 3 is illustrated in Fig. C1 . The admittance is in the range 25-35 mGal km −1 , and varies little with wavelength. The coherence is approximately 0.7 at all wavelengths greater than 1000 km, which explains why subtracting the long-wavelength gravity field does not improve the linear correlation between the remaining gravity and topography.
A P P E N D I X D : A N A LT E R N AT I V E S T R AT E G Y I N T H E N O RT H PA C I F I C
One disadvantage of the approach presented in preceding sections is that the reference depth-age curves were constructed using only a small subset of the available topographic data. An alternative strategy is to subtract an estimate of the dynamic topography first, and then find the depth-age curve which minimizes the RMS misfit to all the remaining reduced topography. We used the topography of , and applied a sediment correction and the masks in Figs 2 and 4 beforehand. Figure D1 . Gridded 2-D histograms of the depth and age in the North Pacific with a calculated dynamic topography subtracted beforehand, using sedimentcorrected topography in all regions except those within the masks in Figs 2 and 4. Figures (a) is for reference and illustrates the data set without the dynamic topography subtracted. Darker colours indicate a higher density of 50 km geographical block medians within each depth-age block. The annotations in figures (b-d) indicate the nature of the transfer function between topography and gravity at long wavelengths, which was used to calculate the dynamic topography from the gravity. The thick blue line is the cubic spline, which minimizes the RMS misfit to the reduced topography. The effect of subtracting dynamic topography on the depth-age relationship is to strongly reduce the variance between the ages of 80-110 Ma, and to shallow depths between 130-160 Ma, where most of the seafloor is covered by a large negative gravity anomaly.
We calculated the model topography as follows. First, we projected the gravity of into Cartesian coordinates using a Lambert azimuthal equal area projection of the North Pacific. We then applied a Fast Fourier Transform (FFT), divided the FFT of the gravity by an isotropic transfer function Z(k) which relates topography to gravity, and finally applied an inverse FFT in order to obtain the model topography in the space domain. At short wavelengths, Z(k) is given by a model in which topography forms from the surface loading of a 10-km-thick elastic plate with a 7-km-thick crust; at long wavelengths, Z(k) is a simple constant or linear function of k consistent with the estimates of Z 3 (k) in Fig. C1 . The elastic plate thickness (T e ) was chosen to reduce noise and was a compromise between that of seafloor fabric created at the ridge (T e ∼ 5 km, McNutt 1979), and that of stray Western Pacific seamounts not excluded in the original processing (T e ∼ 15 km, Wolfe & McNutt 1991) . Results for three plausible choices of long wavelength transfer function are illustrated in Fig. D1 .
To calculate a depth-age curve in each case, we then used Powell's algorithm (Press et al. 1992 ) to find 13 equally spaced depth tiepoints between the ages of 30-160 Ma, for which the RMS misfit was minimized between a cubic spline interpolation through the tie points and the 50 km block-medians of the reduced topography as a function of age. The best-fitting splines are illustrated in blue in Fig. D1 .
The bulge in topography as a function of age between 80-130 Ma is visible in all three plots of the reduced topography as a function of age in Fig. D1 , and the RMS misfits to the best-fit splines are all in the range 265-285 m. Subtracing an estimate of the dynamic topography clearly reduces the topographic variance between 60-110 Ma, which is the region with the highest correlation between longwavelength gravity and topography. The average depth is, however, little affected, because the gravity anomalies are almost symmetric about zero (see Fig. 6 ). As expected from the observed gravitytopography correlations, a gravity-topography admittance function with a long-wavelength value of 25 mGal km −1 reduces the variance by a larger amount than a function with a long-wavelength value of 35 mGal km −1 . However, the second function reduces the topographic variance on ocean floor older than 120 Ma by a larger amount than the first function. There are two possible reasons for this. The first is that the admittance over the troughs on the old Pacific floor might be higher than the long-wavelength admittance in the mid-Pacific (which is consistent with, but not demonstrated by, Fig. C1d ). The second is that the noise on the old ocean floor is associated with features which formed when T e was larger than 10 km. More importantly, because the gravity anomalies are mostly negative over the old Pacific floor, subtracting an estimate of the dynamic topography reduces the average depth as a function of age.
